INTRODUCTION
In mammals, axonal regeneration with recovery of functions is only observed after lesions of peripheral nerves (PN; 1). Although neurite sprouting and even axonal growth occurs after spinal cord or brain injury, successful connections beyond the lesion-induced scar are typically not observed within the central nervous system (CNS). In addition, a phase of secondary degeneration ensues, which is even more damaging than the primary lesion. In contrast to peripheral nerve injury, CNS lesions therefore cause widespread neuronal death. Except for an antiinflammatory treatment with methylprednisolone, no pharmacological treatment of spinal cord injury exists in the clinic (2) . The different prospects of regeneration are believed to be largely due to different cellular and molecular components of the environment of PN and CNS and less to internal properties of the corresponding neurons: For illustration, motoneurons are located within the ventral horn of the spinal cord, i.e. CNS, yet their axons regrow in an injured peripheral nerve. Sensory neurons, on the other hand, are located in dorsal root ganglia, i.e. PNS, yet after transection of the dorsal roots their axons will not enter into the spinal cord. The use of materials in the nervous system is defined by these paradigms, and materials that influence the regenerative and inflammatory nature after injury are particularly relevant for therapeutic approaches.
INTERACTIONS BETWEEN NEURONS AND THEIR ENVIRONMENT IN VIVO

Physiological processes after PNS-and CNS-lesions
The three main problems after CNS injury are: 1-development of a growth inhibitory glial scar, 2-secondary neuronal and glial degeneration as a delayed consequence of the direct injury, and 3-the failure of axonal regeneration in white matter tracts of the adult spinal cord and brain ( Figure 1 ). Responding to this challenge, most attention has been spent either on strategies to overcome the inhibitory barrier of the glial scar or to promote the growth of axon collaterals to compensate permanently severed connections (3) . Another recent approach has been to modify inflammatory reactions in order to limit the secondary degeneration (2) .
In the absence of these impediments, the main problem in the PNS remains in the reconnection of severed nerves that are separated by a large injury gap. Here the therapeutic approach demands the implantation of artificial structures that guide naturally regenerating axons. To investigate physiological processes after PNS and CNS injury, a number of in vivo models are being used, most often with the rat as the favoured species (Table 1) .
Inflammatory reaction
The consequences of spinal cord injury go beyond the disruption of the directly injured neurons and fibres. In fact, the area of secondary oligodendroglial and neuronal degeneration is far larger than the region of immediate lesion. This protracted damage is due to a disruption of blood supply and a cascade of inflammatory events largely affected by resident microglia, hematogenous neutrophils and macrophages. Depending on the type and extent of injury, the contribution of bloodderived cells to this inflammation is substantial, particularly, when the trauma causes a physical disruption of the blood brain barrier (4) (5) (6) . Neutrophils are the protagonists in the immediate inflammatory response within 24 hrs after injury (7). They are followed by a second wave of macrophage/microglia activation after two days and, even later, by the activation of astrocytes (4, (8) (9) . By releasing reactive oxygen species it is mostly neutrophils and macrophages that cause tissue destruction. Therefore, a partial inhibition of this mechanism, e.g. with the steroid methylprednisolone, is intended in medical treatment of spinal cord injury (2, (10) (11) . Microglia cells also release excitatory neurotoxins such as quinolinic acid and glutamate (12) . In addition, microglia and macrophages attack and phagocytose injured neurons, oligodendrocytes and the resulting debris of myelin and neurons (6, 13) .
Another deleterious factor after various kinds of CNS injury is a massive cellular depolarization, which is classically attributed to an increase in extracellular K + and release of glutamate (Glu) (14) . The original cause of this is the interruption of blood supply and consequent deficit in ATP production within the cells. Excitotoxicity is often attributed to a strong increase in Glu and other physiological signals like NO or arachidonic acid, which result in a pathological increase of the intracellular Ca 2+ concentration in neurons (15). This then activates proteases, lipases and peroxidases which may lead to necrotic cell death. Alternatively, apoptotic pathways are Approaches with transgenic animals and various models for neurodegenerative and neuropsychiatric diseases are not listed.
believed to be involved, also triggered by the excess of intracellular Ca 2+ (16) .
After peripheral nerve injury the debris scavenging function is fulfilled by macrophages, and since the clearance of myelin debris is a necessary requirement for axonal regeneration, it has been suggested that a different inflammatory reaction and faster removal of inhibitory substances account for the better regenerative properties of the PNS (17) (18) . In both instances a large number of cytokines are synthesized, with stabilizing and with damaging effects on neuronal connections (19-23).
Axonal growth
Peripheral nerve injury causes Wallerian degeneration of the distal nerve segments. At the lesion site, the axotomized neurons form growth cones, followed by sprouting of neurites. Since the affected nerve cells are situated within the ventral spinal cord (motor neurons), dorsal root ganglia (sensory neurons) or paravertebral sympathetic chain ganglia (autonomic neurons), fibre growth always progresses towards the periphery. When contact remains between the proximal and distal nerve stump and even when tissue connection is provided by a muscle or a variety of implants, the regenerating axons can elongate over long distances into the degenerating peripheral nerve, which provides the most favourable substrate for this process. Neurosurgeons take advantage of these physiological properties, and more than 200,000 peripheral nerve repair procedures are annually performed in the US alone (24). In the last decade many intracellular signals that regulate or concur with axonal regeneration have been elucidated (25). Since this review focuses on interactions between cells and their environment, these cascades will not be discussed here.
Despite reports by Tello and others early in the 20th century that neurons of the adult mammalian CNS can regenerate their axons when confronted with a growth permissive environment (26), it long remained the prevalent dogma that nerve cells of brain or spinal cord lose their regenerative ability during development (1, 27) . However, in the 1980s Albert Aguayo and coworkers in Montreal demonstrated that axons from spinal cord neurons and retinal ganglion cells regenerate into implanted peripheral nerve grafts (28-29). Since then, the general conviction holds the growth inhibitory environment responsible for the absence of axonal growth after CNS injury rather than intrinsic properties of the neurons (27). Within the spinal cord or in fibre tracts of the brain, lesions are followed by the formation of growth cones and local axonal sprouting. This limited growth response is not sustained, presumably because the regenerating neurites encounter inhibitory signals within the gliotic scar and white matter myelin (30-31). It is important to keep in mind, though, that the physiology of CNS neurons does change during maturation, such that these cells cannot be easily induced to regenerate axons or dendrites, even when confronted with the same growth promoting stimuli as embryonic neurons (3, (32) (33) .
Formation of the glial scar
Astrocytes and oligodendrocytes are the predominant macroglial cells in the CNS. Like CNS neurons they derive from the neuroepithelial lineage and are absent in peripheral nerves. In response to transection, contusion or compression injury of the spinal cord, astrocytes are activated. Within several days, depending on the type of injury, they form a glial scar, which results in an impenetrable barrier for growing axons (1, 34) . This scar consists of the astrocytes themselves and of extracellular matrix (ECM) material, deposited by astrocytes and by proliferating fibroblasts. The astrocytes trigger a physiological stop signal in axons that make contact (35) , and the scar itself forms a physical and molecular obstacle to fibre growth (3) (4) (36) (37) . Although this property appears to be detrimental when seen in the light of functional recovery, the scar protects the integrity of the tissue by sealing it off from the external environment, e.g. from possible infections. The scar also contributes to the healing process by pulling wound margins closer together and by increased revascularization (38).
Neuroglial interactions
In addition to scar formation, activated astrocytes secrete a number of signals that have positive as well as negative effects on neurite survival, the maintenance of synaptic contacts and on axonal growth (39) . Depending on Molecules are listed with their predominant function. Many have secondary and often competing effects; for instance, cytokines of the TGF-beta family can also be proinflammatory and IL-6 neuroprotective. Collagen is used as a scaffold for regenerating axons, but collagen IV also forms a basis for the growth repellent glial scar. Factors with particular relevance, as gathered from a high density of publications, are in bold type.
their state of differentiation, the interaction between astrocytes and neurons can be conducive to neurite outgrowth because they provide trophic support, energy substrates, and remove excess glutamate and free radicals (see below; 40).
Oligodendrocytes form the myelin sheaths in the CNS. Their contribution to traumatic reactions has not been investigated as extensively as that of astrocytes. Most importantly, the inner sheaths of myelin contain a number of growth inhibitory molecules (Table 2 ; 31,41). Axonal growth cones, when exposed to these molecules, collapse and do not continue to grow. While the secretion of injuryrelated signals by oligodendrocytes seems less important than that of astrocytes or microglia, recent investigations suggest that they, too, play a role in this context (42) (43) .
Schwann cells (SC) originate from the neural crest. Their main function is the myelination of peripheral nerves. Although the PNS myelin is as inhibitory to axonal growth as CNS myelin, SC secrete a basal lamina that remains present during Wallerian degeneration and provides an excellent growth substrate for elongating axons. In addition, SC are a source of neurotrophic molecules (44) (45) . Interactions between SC and neurons are thus both neuroprotective and conducive to axonal regeneration (46) . This is also true for olfactory ensheathing cells (OEC), the myelinating glia of the olfactory tract (47) . SC and OEC have been used as cellular implants in many approaches to induce regeneration or limit secondary degeneration after CNS injury (47-50).
The cellular environment 3.2.1. Microglia and macrophages in the CNS
Unless a major insult or infection with disruption of the blood brain barrier allows lymphocytes to enter the CNS, the microglia provides immunoprotection of the tissue. In contrast to the macroglial cell types described above, microglia belongs to the monocyte lineage of mesodermal origin. In non-injured CNS the resting microglia has long ramified processes that are oriented parallel to nerve fibres in the white matter and display a stellate morphology in the grey matter. Upon injury, infection, ischemia or autoimmune-mediated inflammation, microglia undergo a rapid transformation to an activated condition. This is characterized by an increase in the size of the cell body, a retraction of distal and thickening of proximal branches (4, 6, 51) . They can further be converted into a phagocytotic state and are then morphologically indistinguishable from hematogenous macrophages, which appear in regions where the blood brain barrier is disrupted. As mentioned above, microglia and macrophages are largely responsible for the inflammatory reaction. As such they express IgG, receptors for Fc-gamma and complement fragments, the alpha-Mbeta2-integrin and ICAM1, a cell surface receptor for integrins that mediate adhesion to granulocytes, lymphocytes and other microglia cells (52) . During various stages of activation, additional integrins, cell adhesion molecules, chemokine receptors, MHC class I and MHC class II are expressed, and a number of cytokines are secreted (Table 2 ). When lymphocytes enter the CNS, they produce an array of microglia activating cytokines, particularly IFN-gamma (6, 53) . Other circulating proinflammatory molecules that diffuse into the CNS compartment and regulate microglia/macrophage activity include TNF-alpha, IL-1 and chemokines. 
Macrophages in peripheral nerves
While peripheral nerves and spinal roots contain a fair proportion of resident monocytes, additional hematogenous macrophages are recruited after PN injury ( Figure 2 ). Their phagocytotic activity is of crucial importance for the removal of myelin debris and products of neuronal degeneration, and this is a prerequisite for successful axonal regeneration (20) (21) 55) . Several populations of macrophages have been identified in the PNS. They include ED1/ED2 positive endoneurial macrophages which show a transient expression of MHC-II after injury. These resident cells are related to the perivascular macrophages of the brain (54, 56) . They are replaced by bone marrow-derived cells from the blood with a turnover half life of less than three months in the rat (57) . A large number of MHC-II positive cells that are negative for ED1 and ED2 enter peripheral nerves and spinal roots after injury, and yet another population of ED1 positive macrophages are also blood-derived (56) . The invasion of macrophages involves loose contact with vascular endothelial cells, then integrin-mediated adhesion, perception of chemoattractants, penetration of endothelium and basal lamina and differentiation into tissue macrophages (21, 58).
With respect to the preservation of tissue integrity and axon regeneration, the role of macrophages seems ambivalent: although their activity is quite necessary for axonal regeneration in peripheral nerves, in the CNS the influence of microglia/macrophages is more often considered destructive because of their role in immunemediated neuropathies (21, 59, 62), and because better axonal growth is observed in the spinal cord of mice with a reduced inflammatory response (10, 60) . Similarly, the application of the microglia inhibitory tripeptide Thr-LysPro after optic nerve injury prolonged survival of retinal ganglion cells and supported axonal regeneration in peripheral nerve grafts (13, 61) .
Astrocytes
Astrocytes are the most numerous macroglia cells of the CNS. They perform a number of essential tasks in normal physiology of the nervous system, including K + -buffering, regulation of the blood-brain-barrier, neurotransmitter recycling and anaplerotic reactions of which the neurons themselves are incapable. Various forms of CNS injury activate astrocytes. This activation is characterized by an increase in metabolism, cellular hypertrophy, and a marked increase in expression of intermediate filaments glial fibrillary acidic protein (GFAP), nestin and vimentin. In line with their task of securing homeostasis of the nervous tissue, the main function of astrocytes after injury appears to be the formation of the glial scar, thereby insulating the healthy tissue from uncontrollable processes in the damaged area. Unfortunately, this scar presents a major obstacle for regenerating axons (36, 63) . On the other hand, the astrocytes' metabolic reaction represents an adaptive response to protect other brain cells from energy depletion, free radicals, ammonia and Ca 2+ overload (40) .
Two types of astrogliosis can be distinguished, anisomorphic and isomorphic gliosis. At the site of tissue disruption after an open injury anisomorphic gliosis is observed. This entails astrocyte proliferation, hypertrophy and scarring (64) . In isomorphic gliosis, astrocytes are activated but retain a stellate morphology. This is the response to a milder insult where the blood brain barrier remains intact or at a distance from the injury. It is less dramatic, transient and is associated with improved functional recovery (40, 65) . A paracrine release of growth related factors (Table 2) constitutes an important beneficial influence of astrocytes for the long-term survival of affected neurons (66).
Olfactory ensheathing cells and Schwann cells
Schwann cells myelinate axons in peripheral nerves, and OEC, which comprise a number of histochemically identifiable subtypes, perform this task in the olfactory tract and bulb (47) . Although the olfactory bulb belongs to the CNS, this tissue and its glial cells share important characteristics of the peripheral nervous system. In mammals, receptor cells in the sensory epithelium project an axon into the olfactory bulb, where synapses are formed within the glomeruli. Fast turnover of olfactory receptor cells throughout adult life requires constant axonal growth and synaptic plasticity in the olfactory bulb. Though OEC share some metabolic properties with astrocytes, this physiological situation implies that they support rather than restrict axonal growth. Indeed, Schwann cells and OEC promote axonal regeneration and remyelinate regenerated nerve fibres in various lesion models (47, 67) .
Following a peripheral nerve crush, the loss of contact to viable axons causes dedifferentiation and proliferation of the Schwann cells. These activated Schwann cells supply a number of trophic and chemotactic signals that are crucial for macrophage activation as well as for neuronal survival, the initiation of neurite outgrowth at the site of injury and axon regeneration into the distal segment of the nerve (68-69). As soon as nerve axons grow toward their target, neuroglial interactions induce Schwann cells to re-differentiate and to re-myelinate the newly formed fibres (67) .
This growth promoting activity of Schwann cells is illustrated by the fact that the inhibitory properties of the dorsal root entry zone correlate with the proximal border of the Schwann cell domain. It is important to note that intact peripheral nerves, similarly to CNS fibre tracts, do not support axon regeneration (70) (71) . Therefore, a switch of the mature Schwann cells to a growth-promoting state seems to be necessary for axon elongation within peripheral nerves. While the spinal cord does not normally contain Schwann cells, following compression, contusion or electrolytic lesions that cause oligodendroglial cell death and demyelination, a massive infiltration of Schwann cells also occurs into spinal cord tissue (46, 72) . The cells accumulate along and around lesioned fibre tracts and ensheath axons. Since this invasion and replacement of myelin, which appears to be triggered by microglial signals, develops rather late, 3-4 weeks after injury (72) , it may constitute a long-term repair mechanism.
Oligodendrocytes, meninges and synantocytes
By providing the axonal myelin sheath, oligodendrocytes are necessary for the normal propagation of electrical activity in the CNS. With respect to regeneration, three aspects of the interactions between oligodendrocytes and neurons deserve particular attention: 1) During the first two days following spinal cord injury, oligodendrocytes are particularly prone to apoptotic cell death (73) . This is accompanied by degradation of myelin sheaths, which compromises nerve cell functions directly, and affects neurons indirectly because de-myelination renders them vulnerable to microglial attack and phagocytosis (74) (75) .
2) The growth-inhibitory properties of CNS myelin prevent plastic changes and compensatory regeneration from fibre tracts not directly affected by the lesion. Responsible for this are a number of molecules within the oligodendrocytic membranes, which in the non-lesioned CNS probably serve to restrict uncontrolled sprouting (76). The most important candidates are Nogo-66, myelin associated glycoprotein (MAG), oligodendrocyte myelin glycoprotein (Omgp; 31, 72) and ephrinB3 (77) . 3) On the positive side, oligodendroglial signals support survival of injured neurons. This property has long escaped scientific attention, but nonetheless, secreted molecules from oligodendrocytes, including glial-derived neurotrophic factor (GDNF; 78), insulin-like growth factor-I (IGF-I; 79), leukemia inhibitory factor (LIF; 80) and neurotrophins (81) , are likely to be neuroprotective.
The movement of meningeal cells into the damaged spinal cord creates an impediment for axon regeneration because these cells are also components of the glial scar (34) . However, meningeal cells can release growth factors, which may explain why implantation of meningeal fibroblasts into injured rat spinal cord promotes axonal growth (82) . Meningeal cells influence the proliferation and maturation of neuroblasts (83) and synthesize bone morphogenetic proteins (BMPs; 84), basic fibroblast growth factor (FGF-2), transforming growth factor beta (TGF-beta; 85) and insulin-like growth factor-II (IGF-II; 86). Recently, retinoic acid (RA) was shown to be synthesized by meninges, oligodendrocytes and, induced after spinal cord injury, by a subpopulation of NG2 expressing cells (43) . NG2 positive cells resemble protoplasmic astrocytes. They include mainly oligodendrocyte precursors but may also be able to generate neurons (87) . They have been characterized as a novel form of glia, referred to as synantocytes (88) or polydendrocytes (89) . A subpopulation seems to be particularly relevant in the context of this review because they proliferate after injury and are responsible for the increased production of extracellular signals (42) (43) (90) (91) . These cells may be inhibitory to axonal growth given that this is a property of the NG2 epitope (92), although it is not clear whether NG2 prevents axon growth in the injured spinal cord (93).
The molecular environment 3.3.1. Neurotrophins
The degenerating distal stump of an injured peripheral nerve is not only able to guide axonal elongation within but has an additional chemoattractive quality directed at growing neurites. This tropic influence seems to be effective only within a short distance, however (94). Molecules that are secreted in a paracrine fashion within the lesioned tissue, be it a peripheral nerve or the CNS, trigger the major events associated with axonal regeneration: In peripheral nerves, neuregulins are secreted by axons and provide crucial signals to the Schwann cells to control their state of differentiation in general and myelination in particular. Cytokines are important mediators of the local inflammatory reaction immediately after injury, while neurotrophins and the GDNF-family of cytokines protect injured neurons and transform injured peripheral nerves into a growth promoting substrate ( Table 2 ; 95).
The neurotrophins are a family of peptides that support survival, axonal growth and differentiation in a variety of neuronal populations. With the discovery of the activity of nerve growth factor (NGF) in the 1950s, they are historically the first family of neurotrophic molecules, and because of their potent effects on neurons, the related scientific literature is quite overwhelming. In March 2008, a Medline search on "NGF" alone revealed almost 10,000 publications. In mammals, the neurotrophin family comprises NGF, brain-derived neurotrophic factor (BDNF), neurotrophin (NT)-3 and NT-4/5. The peptides act as noncovalent homodimers and bind to two classes of receptors, the Trk-family of receptor tyrosine kinases and p75, a member of the tumour necrosis factor-alpha (TNFalpha) receptor family (96). Their signal transduction pathways have been the subject of many reviews (e.g. 97-99). Their main functions are support of neuronal survival during development, guidance of axonal growth and the regulation of synaptic plasticity (97, 100). All factors and receptors show marked changes in expression after lesions in CNS and PNS and are involved in various disorders (98, 101-104). Consequently, neurotrophins are one class of molecules that was soon explored in clinical studies to treat neurodegenerating diseases -albeit with questionable results so far (105) (106) .
Related functions are served by the GDNF family. It consists of four members, GDNF, neurturin, persephin and artemin. They signal through a receptor complex which consists of a high affinity binding subunit (GFR-alpha) coupled to the signal transduction unit RET. Different ligand binding subunits exist, which confer specificity to the system: GFR-alpha1 (binds GDNF), GFRalpha2 (neurturin), GFR-alpha3 (persephin) and GFRalpha4 (artemin; 107-108). Peripheral nerve lesions cause a marked increase in the expression of GFR-alpha1, GFRalpha3, a decrease in GFR-alpha2 and little change in RET (109) . GDNF is a survival factor for mesencephalic dopaminergic neurons and motoneurons, and the other members of the family promote the survival of sympathetic and other peripheral neurons (97, 108).
Cytokines and chemokines
Within hours after injury, an increase of the inflammatory cytokines interleukin (IL)-1-alpha and tumour necrosis factor (TNF)-alpha is observed, rapidly followed by IL-1-beta and IL-6 (95, [110] [111] . In a neuroscience context, peptides of the IL-6 type are referred to as neuropoietic cytokines or neurocytokines. Their members signal via the common receptor gp130 plus one or two specific ligand binding receptors. Ligand binding causes phosphorylation of the transmembrane protein gp130, recruitment of Janus kinases, phosphorylation of the STAT transcription factors and the activation of other intracellular signal transduction chains including the ras/raf-MAP kinase pathway (112) . The neuropoietic cytokines are particularly important for neuronal regeneration because, on one hand, they exert neurotrophic functions (CNTF, LIF, IL-6, CT-1), and on the other hand are important mediators of the inflammatory reactions after injury (IL-6, IL-11, MCSF). Their receptors are expressed by neurons and glial cells of the central and peripheral nervous system. There are specific differences in the activation of the Jak/STAT signalling pathway after lesions in CNS and PNS (113) .
The transforming growth factor beta (TGF-beta) family has been implicated in the induction of Schwann cell proliferation, production of extracellular matrix and neurotrophin synthesis as well as synthesis or repression of cell adhesion molecules (114) . TGF-beta1 is important as an anti-inflammatory cytokine. Two types of TGF-Beta  transmembrane receptors with serine/threonine kinase activities exist (T-betaR-I and T-betaR-II). After ligand binding they form a stable ternary complex and phosphorylate Smad2/Smad3 transcription factors. Gene activity is then activated by complexes of phosphorylated Smad2/Smad3 with Smad4 molecules (115) . In addition, TGF-beta binds to the extracellular matrix (67, 104, 111) .
Since neuroprotective activity was reported for erythropoietin (EPO) 10 years ago, EPO has come to be seen as a critical component of a generalized system of local tissue protection involving multiple mechanisms (116) . Research is now under way to develop and test variants, for instance carbamylated EPO, that do not have hematopoietic side effects for the treatment of brain ischemia and injury.
Vascular endothelial growth factor (VEGF) is a secreted homodimeric heparin binding glycoprotein, whose best known functions are as mitogen and attractant for vascular endothelial cells (117) . Four transmembrane receptors for VEGF are known: fms-like tyrosine kinase-1 (flt-1, VEGF-R1), foetal liver kinase-1 (flk-1, VEGF-R2), flt-4 (VEGF-R3) and neuropilin (NP, which also binds to semaphorin 3A). The tyrosine kinases flt-1 is found in neurons, endothelial cells in the brain, astrocytes and microglia cells. Endothelial cells and neurons also express flk-1. In addition to important functions for the cerebral vasculature, VEGF and its receptors are neuroprotective under ischemic conditions and various brain lesions, which may be related to glial activation and blood supply (117) . The cytokine enhances proliferation of astrocytes and microglia (118) , but direct neuroprotective effects of VEGF without vascular and glial involvement have also been reported (119) .
Chemokines are small peptides (<10 kDa) that are secreted locally and attract lymphocytes and macrophages towards the focus of an inflammatory process. They activate a family of G-protein coupled transmembrane receptors. A variety of chemokines and chemokine receptors are expressed in the nervous system (120) . During Wallerian degeneration the chemokines macrophage inflammatory protein 1-alpha (MIP1-alpha) and monocyte chemoattractive protein 1 (MCP-1) as well as the cytokines TGF-beta-1 and IL-1-beta are involved in macrophage recruitment (21). Especially MCP-1 is strongly upregulated early following sciatic nerve lesion and remains elevated for a long time (121) . After spinal cord hemisections MCP-1 and MIP1-alpha are also induced but not as much as in the periphery (122) . Another chemokine, RANTES (Regulated upon Activation Normal T cell Expressed and Secreted), showed a lesion-induced increase in Schwann cells and endothelial cells, but the changes in RANTES expression are lower, and its function has not yet been resolved (121) (122) (123) .
Hormones and retinoic acid
A number of hormone receptors are expressed in PNS and CNS tissue, including receptors for thyroid hormone, growth hormone and retinoid receptors. Not many experiments have been performed to explore whether differential activation of these receptors is involved in the responses to injury or may be used to experimentally promote regeneration. Hormones reach target tissues via the circulation, and therefore the local response involves regulation of receptors rather than hormone production (124) (125) . Thyroid hormones (T3, T4) support survival and neurite outgrowth from rat sensory neurons, their receptors are regulated by Schwann cell-axon contact, and local treatment with T3 increases sciatic nerve regeneration in vivo (124) . Growth hormone has also been reported to improve nerve regeneration, for instance after cavernous nerve injury (126) (127) . The use of corticosteroids to limit the inflammatory reaction has already been mentioned (11, 128) . It was shown that the rate of axonal regeneration and motor neuron survival following axotomy correlates with the level of circulating testosterone (129-130).
Similar to steroids or thyroid hormone, retinoic acid (RA) binds to receptors of the nuclear receptor superfamily, thereby acting as a transcriptional activator, but in contrast to hormones it is synthesized locally. In the nervous system, RA regulates neuronal and glial differentiation and controls the expression of a number of intercellular mediators that participate in nerve regeneration (131) , suggesting that this is also involved in traumatic events after injury (132) (133) . This is demonstrated by recent experiments with sciatic nerve lesions and spinal cord contusion injury. In both tissues, the RA synthesizing retinaldehyde dehydrogenase-2 is expressed, and its activity was found to increase after spinal cord contusion injury (43) . In the PNS, lesions cause RA-induced gene transcription, intracellular translocation of retinoid receptors and increased transcription of cellular retinoid binding proteins and retinoid receptors (134) (135) . Activation of the receptor RAR-beta appears to be responsible for neurotrophic effects of RA (32, 136) . While the physiological role of RA in the injured nervous system is still under investigation (137) , studies have recently been performed to support nerve regeneration with RA or RARbeta in vivo (138-140).
Extracellular matrix
With respect to nerve regeneration two components of the extracellular matrix (ECM) are of primary importance: basement membranes and the glial scar. In the PNS, the remaining basement membranes of degenerating nerve segments provide the superior growth substrate for axons. De-differentiated Schwann cells that promote axonal regeneration are aligned inside the basal lamina tubes, the so-called bands of Bungner. After crush or transection these basal lamina tubes persist in the distal nerve stump and provide an important scaffold for regrowing axons (141) . Experiments with many of the various ECM molecules demonstrate that the ability to support fibre growth is largely due to laminin. Laminins are not only crucial for axonal regeneration but also for Schwann cell differentiation and myelination in the injured PNS (142) . Therefore, laminins are frequently used as a coating for experimental growth substrates (see 4.1.). Common and highly abundant ECM proteins are the collagens (143) . Collagen is secreted by fibroblasts, endothelial cells and astrocytes and also has a positive influence on fibre growth, even within the CNS (144).
In the CNS the astrogliotic scar poses the main barrier for regeneration. The molecular substrate for this inhibition seems to be heparan sulphate proteoglycans and chondroitin sulphate proteoglycans (CSPG; 3, 63). These ECM molecules consist of a protein core linked by four sugar moieties to a sulphated glucosaminoglycan (GAG) chain of repeating disaccharide units. Astrocytes produce four classes of proteoglycans. These are heparan-, dermatan-, keratan-and chondroitin sulphate proteoglycans (145) . The expression of a number of CSPG, e.g. aggrecan, brevican, neurocan, NG2, phosphacan, increases after spinal cord lesions. They were found to restrict axonal growth (92) . While inhibitory proteoglycans are exclusively expressed in neurons in the non-lesioned tissue, their main source after injury are reactive fibrous astrocytes. The presence of inhibitory CSPG seems to be a major cause for the failure of regenerating axons to penetrate the gliotic scar. In cases where axonal regeneration does take place as in the embryonic spinal cord or in cold blooded animals there is no or very little upregulation of CSPG after injury (145) . In addition, the ECM of gliotic scars contains collagen IV, glycoproteins laminin, fibronectin, keratan sulphate proteoglycans, tenascin C, and thrombospondin (146).
INTERACTIONS BETWEEN NEURONS AND MATERIALS IN VITRO
Biologically derived materials
While numerous important molecules in the natural environment of the neuron have been identified, only a few have been investigated with tissue engineering approaches. Measurable outcomes of in vitro investigations for tissue engineering applications typically focus on adhesion and neurite outgrowth (i.e. length of neurites). The ECM is therefore of particular importance, and many 
Laminin
Many peptide sequences investigated for neuron/material interactions are derived from various bioactive domains of laminin, a basement membrane glycoprotein. The family of laminins all have high molecular weights, ranging from under 500 kDa to nearly 1 000 kDa and forms a "cross-shaped" molecule ( Figure 3) . Fifteen laminin heterotrimers have been identified in mammals, and each isoform consists of three polypeptide chains; one alpha, one beta and one gamma chain. Laminin-1, appears to be the major laminin expressed during embryogenesis (147) and consists of alpha-, beta- and gamma- chains with individual molecular weights of approximately 400 kDa, 210 kDa and 200 kDa respectively (148) . In total, five alpha, three beta and three gamma polypeptide chains have been identified in mammals. Laminin provides multiple biological signals to a variety of cells including the promotion of adhesion, neurite outgrowth, cell spreading, cell growth, tumour metastasis and collagenase IV secretion. While the sequential adsorption of PLL/laminin onto polystyrene culture wells is an important positive control for in vitro culture, and rigorously supports axonal growth, laminin is difficult to isolate, process and incorporate into a functional in vivo material. Therefore, peptide sequences from the laminin chain have been widely used for delivering bioactivity to tissue engineering devices for the nervous system.
The well-investigated cell adhesive sequence of RGD (peptide fragments such as Arg-Gly-Asp will be described in the shortened form i.e. RGD) is present in the alpha chain of laminin and is reviewed elsewhere (149) . While there are regions of laminin which are integrin binding, these are not simple peptide motifs but significant sections of the protein. The RGD sequence in laminin, however, is accessible only to cells after proteolytic degradation of the adjacent domain (150) . In vitro, the neurite extension has been found to be dependant on the concentration of RGD, and excessive RGD peptides incorporated with another ECM, fibrin, have shown to reduce the extent of neurite outgrowth (151) .
The peptide sequence of YIGSR, however, can induce greater neurite lengths than RGD (152) and is widely used as a ligand for in vitro applications (153) (154) . YIGSR, located on the beta- chain (Figure 3 ), interacts through a 67 kDa laminin binding protein on the cell membrane. The amide-terminated arginine (YIGSR-NH 2 ) has twice the bioactivity of YIGSR-COOH, and similar activity to CDPGYIGSR-COOH, the extended form of the peptide (155) . Adhesion of various cell types on synthetic materials is possible through adsorption of YIGSRmodified molecules to the surface, or via chemical binding (156) (157) .
Another notable peptide sequence of laminin is IKVAV, located on the C-terminal end of the long arm of the alpha-1 chain (Figure 3 ). This sequence promotes cell adhesion, neurite outgrowth, experimental metastasis, collagenase IV activity, angiogenesis, plasminogen activator activation, cell growth, tumour growth and differentiation of progenitor cells (147, (158) (159) . A 110 kDa membrane-associated laminin binding receptor binds to IKVAV (160-161).
Combinations of peptides can demonstrate negative, additive and synergistic effects on the neurite length of neuronal cultures (151) . For example, in modified fibrin matrices, the combination of RGD and IKVAV reduces neurite lengths compared to either peptide used alone. Conversely, the synergistic effect of the peptide combinations of RGD, YIGSR, IKVAV and RNIAEIIKDI peptides in functionalizing fibrin induces neurite extension greater than the individual effects of the peptides combined. The combination of two particular peptides -YIGSR and IKVAV -has been used to promote robust adhesion and neurite outgrowth on fluorinated polymer surfaces (162) . Although the active peptide sequences aforementioned are effective at promoting neuron adhesion and axonal growth, the use of extended peptides (i.e. CDPGYIGSR and CQAASIKVAV) further improves the cell response to equivalent levels to that achieved with laminin-modified surfaces (154) . It is likely that the extended peptide results in a more 'natural' configuration of the active sequence. Spacer groups, which do not contribute to the bioactivity, also increase the extent of neurite outgrowth by allowing more conformations of the active peptide (162).
Collagen
The many types of collagen are described elsewhere -a Table of collagen types and distributions is Collagen IV is non-fibrillar and is present in basement membranes. Collagen is also a diamagnetic anisotropic molecule and can be oriented during matrix formation in high strength magnetic fields (Figure 4 ). Collagen gels formed in 9.4 Tesla (T) had oriented fibrils and promotes improved in vitro guidance of DRG neurites (164) . This improved regeneration is also reflected for in vivo studies (165) .
Collagen I has been successfully used as a matrix for cell entrapment and can be adsorbed onto TCP surfaces as a control for robust neurite outgrowth. When growth through a matrix is desired, the concentration should be low enough to permit this. Concentrations between 1.0 and 2.0 mg/ml have been used and are identified as optimum values for the matrices used for in vivo PNS experiments (166) (167) . A commercially available Vitrogen 100™, containing 95-98% collagen I, and 2-5% collagen III is often used in encapsulation or neurite outgrowth studies. The in vivo performance of collagen as a regenerative matrix in the PNS is excellent (167) and improved with growth factors such as FGF (168) . Chondroitin-6-sulphate has also been combined with collagen and used as a matrix for nerve guidance channels. Introduced as low concentrations, the collagen-GAG matrix induced peripheral nerve regeneration to the level of the autograft (169) . The introduction of 2% chondroitin-6-sulphate to collagen increases the regeneration capacity of the matrix, and may be due to reduced diffusion of growth factors with GAG binding sites. Such a matrix should therefore only promote regeneration in the presence of diffusible growth factors.
Collagen nerve guides have demonstrated regenerative capacities for both the spinal cord, peripheral nerve and dorsal roots (170-172). Axons penetrate into the lumen of collagen nerve guides in all instances, including the fully transected spinal cord.
Fibrin
Fibrin is spontaneously formed in many examples of wound healing, and is a temporary matrix (1-2 weeks) prior to remodelling and ECM formation. A fibrin bridge is formed within nerve guides used in the PNS, and is the ECM upon which regenerating axons and Schwann cells migrate. Commercial fibrin precursors contain two components; one of fibrinogen, plasma fibronectin, factor XIII, plasminogen, aprotinin, human albumin and the second consisting of thrombin. The fibrinogen is polymerized with the addition of thrombin, while factor XIII takes part in crosslinking. The eventual morphology of fibrin is greatly influence by a number of factors including the Ca 2+ concentration. The resulting hydrogel is a matrix with high water content, and is of particular interest in the spinal cord, where fibrin demonstrates regeneration (173) (174) . The introduction of fibrin to fully transected hydrogel nerve guidance channels resulted in significant brain-stem labelling from retrograde tracing.
Biologically active peptides can be introduced into fibrin matrices, by the synthesis of peptides containing Factor XIII in one domain, and the bioactive peptide in another (151) . In such experiments, the peptide sequences of RGD, YIGSR, IKVAV, RNIAEIIKDI or N-cadherin were synthesized with a substrate for Factor XIII (NQEQVSP). The functionalized fibrin matrices were formed around entire rat DRGs, and neurite outgrowth was compared with non-functionalized fibrin. Increased neurite length was observed from YIGSR, IKVAV or RNIAEIIKDI modified fibrin with increasing peptide concentration, while RGD and N-cadherin-modified fibrin increased neurite length, but decreased upon higher concentrations.
Heparin-modified fibrin can significantly retard the diffusion of nerve growth factor (NGF), so as to deliver neurotrophins locally to the invading neurites (175) . A low-affinity heparin binding domain is present on BDNF and NT-3, and therefore neurotrophin diffusion through a heparin-modified fibrin is slowed. When heparin is present at concentrations much higher than the growth factor, DRG neurite extension is enhanced two-fold. When the growth factors are not delayed by the heparin, the extended neurites are not influenced. Fibrin, like collagen, can be oriented with high magnetic fields during matrix formation. The concentration of Ca 2+ is also critical on whether the resulting fibrin matrix is of an oriented nature. Higher concentrations were strongly oriented by magnetic fields in the order of 4-10T (176) . Various growth factors have accompanied fibrin for in vivo applications (174, 177).
Matrigel™
Matrigel™ is a commercially available basement membrane solution originating from mice and containing predominantly laminin, but also heparin sulphate proteoglycans, entactin, nidogen and growth factors and is available at a concentration of 12 mg/ml. When diluted to 4 mg/ml, Matrigel™ supports excellent regeneration when used in the PNS similar to collagen (167). Magnetically oriented scaffolds can be formed when the field is applied during its gelation, similar to collagen and fibrin. In vivo PNS studies of magnetically aligned Matrigel™ or collagen demonstrate superior regeneration to their non-aligned forms (178) .
Many successful cell transplantation strategies for the spinal cord have been pioneered with Matrigel™ (179) (180) (181) . Improved axon penetration results when Matrigel™ is combined with cellular transplantation; when used alone the brainstem labelling is lower in the fully transected spinal cord when compared directly with other matrices, such as fibrin (174) . Due to its origin from a sarcoma cell line, the use of Matrigel™ for clinical applications is problematic.
Fibronectin
Fibronectin contains RGD sequences that are well-known for interacting with integrin receptors on the cell membrane. Fibronectin (FN), which has binding sites for collagen, is soluble in plasma, while in ECM components, it adopts a fibrillar structure. FN is particularly susceptible to chain transformations due to shear-induced mechanisms and the resulting oriented substrates support neurite growth both in vitro and in vivo (182) (183) . The configuration in which a protein is adsorbed onto a surface is critical for controlling cell behaviour and depends on the substrate for adsorption (Figure 5c ). Proteins may be denatured during adsorption; there may be a tendency for proteins to unfold to allow further binding with the surface (184). FN's biological activity has been found to be influenced by the substrate type and whether it is co adsorbed with another protein (185) (186) . Surface-induced conformational effects are prevalent, and this affects the exposure of the celladhesive domains of the protein (187) . Synthetic polymers with FN functionalities also adsorb readily with bioefficacy onto surfaces (187) .
The reported effects of fibronectin on neurite growth, however, can be contradictory. Proteolytically obtained fragments of FN influenced the neurite outgrowth of PNS and CNS in contrasting manners, including the growth, then retraction of CNS neurons when exposed to 80 to 125 kDa fragments of FN (188) while DRG outgrowth is maintained. Adsorbed fibronectin on TCP resulted in NGF-primed PC12 cells extending few axons and having a rounded shape (189) , and neurite outgrowth of embryonic retinal cells is lower when compared to laminin (190) . The addition of FN also inhibited the aggregation of PC12 neurons encapsulated by collagen gels (166) . In contrast, when FN is entrapped within pHEMA, the neurites of DRGs are extended to a similar length as with collagen III (163) . Fibronectin mats and conduits have also performed very well for in vivo applications; both in the PNS and spinal cord (182) (183) . Interestingly, fibronectin has been implicated in impairing the ability of oligidendrocytes to remyelinate CNS axons (191) .
Agarose
Agarose is polysaccharide extracted from seaweed, and will form physical gels after dissolution in water and cooling. Agarose has been primarily used for performing three dimensional (3D) in vitro culture (192) (193) . While agarose gels can be chemically modified for superior neurite outgrowth, pure agarose gels will also support the extension of neurites (193) . In vitro culture models for the glial scar have also been developed based upon layered agarose hydrogels, with and without chemical modification. A difference in the elastic modulus of agarose is sufficient as a barrier for DRGs while when a chondroitin sulphate-modified agarose is formed, the growth of DRG neurites was significantly restricted at the interface (194) . Figure 6 . Examples of various three-dimensional structures for tissue engineering of the nervous system. Matrices that are uniform in structure (A) have been widely investigated (e.g. 166). Gradients of molecules formed within threedimensional structures (B) are a model for axonal guidance (e.g. [195] [196] , while fibres infiltrated or coated with a matrix induce robust regeneration (C) (e.g. 240). Discrete regions of bioactive matrix (D) guide axons (e.g. 199, 257), while matrices with channels (E) also promote guided regeneration (e.g. 248).
Agarose has also been investigated as a material for creating linear concentration gradients for 3D culture systems (195) (196) . Chemical gradients in the nervous system have been attributed to induce either axonal guidance or repulsion. For example, point sources of netrin-1 have been found to exert both attractive and repulsive effects on the guidance on growth cones, depending on the levels of cAMP (197) . Extracellular Ca 2+ levels affected the turning response of growth cones when exposed to point sources of BDNF or NT-3 (198) . Single point delivery of molecules, however, results in an exponential decay of the concentration with distance. Using agarose gels, a well-defined linear concentration gradient can be generated by the Fickian diffusion of molecules through the material ( Figure  6b) . Such experiments provide a constant gradient of molecules to the growth cone, irrespective of distance from the source. Combinations of growth factors can extend the effective maximum guidance distance, which is the distance the axon can be directed prior to growth cone receptor saturation (196) .
Agarose gels modified with CDPGYIGSR results in improved DRG neurite growth compared to agarose (153) . The modification of agarose with photolabile groups permits the coupling of biological molecules in discrete regions. With photolithographical techniques and a modified agarose, lasers can be focused to locally modify agarose with bioactive functionalities. The end result is 200 microns diameter chemical channels of GRGD-modified agarose suspended in agarose that guide neurites in 3D culture as depicted in Figure 6d (199) .
Alginate
Alginate is a polyanionic copolymer with repeat units of mannuronic and glucuronic sugar residues and will crosslink upon exposure to divalent cations such as Ca 2+ . It has attracted interest as an injectable controlled release hydrogel (200) and as a tissue engineering scaffold for nonneuronal cells (201) (202) . Alginate is predominantly derived from brown algae and has been used as a matrix for hippocampus-derived neurospheres (203) . Thermally reversible properties can be also induced by incorporating methylcellulose into alginate (204) . Alginate, when freezedried, supports axonal regrowth in the spinal cord (205) and the peripheral nerve (206) , and can deliver FGF (207) . Non-tubular substrates of alginate for large gap in vivo peripheral nerve regeneration have also been fabricated and perform well (208).
Synthetic and biohydrid materials
Neuron adhesion naturally results through specific receptor-ligand interactions with ECM proteins, such as laminin, collagen, FN and proteoglycans. Synthetic materials are devoid of such bioactive molecules, so in many instances the surfaces are biologically modified with various techniques; primarily chemical conjugation, physical adsorption, or entrapment of bioactive molecules. The use of bioactive peptide sequences from laminin is increasingly used to instigate a specific cell-material interaction. Peptides may be readily bound to surfaces using conjugation chemistry techniques (also referred to as coupling reactions) that require reactive chemical functionalities (often termed functional handles) on the material. Hermanson (209) comprehensively provides further insights into the conjugation reactions available, and a range of heterofunctional crosslinking molecules are commercially available for this purpose. Peptide surfaces are also typically more robust during ethanol sterilization, while proteins can denature more readily.
Puramatrix™
Puramatrix™ is a commercially available selfassembling peptide solution that is intended for applications in three-dimensional culture. Consisting of amino acid sequences, the peptide matrices described by Zhang et al. (210) , Semino et al. (211) and Holmes et al. (212) were developed into a commercial product. The transparent, high water content matrix can be used to encapsulate cells (213) , however cell adhesion is non Figure 7 . Schematics of selected forms of poly (ethylene glycol) (PEG). The chemical structure of A) linear PEG, B) a poly (ethylene glycol-co-lactide) block copolymer and C) a six-armed star PEG. The end functionality (R) is typically the only practical species of this polymer. Linear PEG can be introduced on the surface (D); however star PEGmodified surfaces (E) demonstrate improved resistance to protein adhesion (224) . Cells can be encapsulated by starPEGs using Michael-Type Addition reactions (F) using matrix metalloproteinases (MMP) (226) (227) . Alternatively, nerve cells can be encapsulated by a polymerizing a methacrylate-functionalized multi-arm PEG-co-PLA block copolymer (G) (228) . Note: these schematics are NOT to scale and the number of arms on the star PEGs can vary. integrin related. Alternatively, hippocampal slice cultures with a peptide scaffold entrap migrating hippocampal neurons (211) . NGF-primed PC12 cells also extend neurites into Puramatrix™ (212).
Poly (2-hydroxyethyl methacrylate)
Bioactive proteins can be entrapped within a material during processing; however, such processing should not denature or damage the encapsulated protein.
Entrapped ligands, such as NGF, can be added to poly (2-hydroxyethyl methacrylate) (pHEMA) sheets during aqueous-solution polymerization (Figure 5d ). The NGF is entrapped, and influences PC12 behaviour in a similar manner to that of soluble NGF; i.e. neurites are extended when NGF is entrapped in pHEMA. The entrapment of NGF in this instance appears to be quite effective, as approximately 80% of proteins are entrapped, as determined through extraction of I 125 labelled NGF (214). In similar entrapment experiments, the GAGs heparin, chondroitin sulphate and hyaluronic acid were ineffective as substrates for neurite outgrowth (163) .
As previously mentioned, gradients of soluble molecules are known to be of great significance to guide axons, and a minimum concentration gradient is required for this. Surface-bound gradients also can guide neurites (Figure 5e) . A device developed for manufacturing linear gradients in electrophoresis hydrogels can be adopted for entrapping concentration gradients of large molecules within hydrogels (215). With such gradient makers, NGF has been entrapped within pHEMA as a linear gradient, and guided neurites from PC12 cells along the axis of increasing concentration. The neurites of the PC12 cells were noticeably thicker than when soluble NGF is used, and this may be due to interactions between NGF and the high-affinity TrkA receptor. When bound to NGF, the TrkA receptor is known to increase F-actin polymerization (216) and, as the TrkA receptor is continuously activated by the bound NGF molecule, it was hypothesized that excessive F-actin production resulted in the thick neurites observed (215).
PHEMA-based nerve guides, like collagen nerve guides, support axonal regeneration in the fully transected spinal cord of the rat (172, 217) . The penetration of NF200-labelled axons into the nerve guides, or the number of retrograde-labelled axons can be quantified and compared with various matrices. The inclusion of fibrin into pHEMAbased nerve guides resulted in greater retrograde-labelling when compared to collagen, Matrigel or methylcellulose (174) . The pHEMA-based nerve guidance channels have a similar elastic modulus to the spinal cord (218-219).
Poly (alpha-hydroxy acids)
The poly (alpha-hydroxy acids), representing a class of polymers widely used for biomedical applications such as sutures and drug release applications (i.e. PGA, PLGA, PDLA, PLLA and PCL), are hydrolytically degradable compounds. Similar to PEG, the functional handles in poly (alpha-hydroxy acids) for conjugation with peptides are limited. Unlike PEG, the poly (alpha-hydroxy acids) are insoluble in water, and processing is typically performed in the melt or in a non-aqueous solvent. The attachment of PC12 cells onto PCL is poor, except when laminin is adsorbed onto the surface (220) . Cylinders of poly (DLA-co-GA) their degradation products did not affect neurons beyond what is obtained normally after injury, and nerve guides and oriented scaffolds demonstrate in vivo regenerative properties with cell transplantation into the spinal cord (221-222).
Polyethylene glycol
Polyethylene glycol (PEG) (Figure 7 ) is a particularly unique synthetic polymer, which has been exploited for the PEGylation of many proteins (223) . PEGmodified surfaces are non-adhesive to cells and reduce protein adsorption, and are widely used for cell adhesive/non-adhesive patterning strategies. As the backbone of PEG has no functional handles for conjugation, reactions typically occur through the endgroups of the chain (Figure 7a-c) . A range of endfunctionalities, including isocyanate, acrylate and vinyl sulfone can be introduced and reacted together, rendering a crosslinked hydrogel or matrix. Surfaces modified with multi-armed PEG (Figure 7d ) have shown improved cell/protein resistance compared to linear PEG (Figure 7e ) (224) . Linear PEG substrates are only stable for periods up to approximately a month, before losing their nonadhesive properties (225) , while the longevity of multi-armed PEG surfaces is still unknown.
Michael addition reactions, in particular, provide a methodology where chemical crosslinking of PEG can occur in the presence of cells, without loss in cell vitality (Figure 7f ). Homogeneous or heterofunctional conjugation agents crosslink PEG into a 3D encapsulating matrix, and has been investigated for non-neuronal cell types. The conjugation or crosslinking reagents may also contain biofunctionalities or be synthesized degradable by MMPs (226) (227) . PEG can also be rendered degradable by incorporating a poly (alpha-hydroxy acid) into the backbone (PLA or PGA), forming a block copolymer (Figure 7b ). The endgroups are methacrylate moieties, which can be polymerized to form a hydrogel (Figure 7g ). Nerve cells, when encapsulated within such systems, maintain vitality and extend their processes at different rates depending on the hydrolytically degradable back-bone of the PEG macromer (228).
Poly (pyrrole)
Oxidized poly (pyrrole) (PPy) is an electrically conducting polymer with surface charges, and is of interest for neural applications, as electromagnetic fields can influence the guidance of neurons in vitro and in vivo.
In the absence of an electric field, neurites extend from PC12 cells and chick sciatic nerve implants to similar lengths on PPy as on TCP. The neurite length of the PC12 cells was even greater on PPy surfaces than TCP when an electric field was applied (229) . Dissociated cortical neurons also demonstrated excellent adherence to PPy in vitro. The electrical stimulation of PPy after FN adsorption influenced the length of extended neurites (230) . In vivo implants of PPy were considered biocompatible when inserted into the cerebral cortex (231) and PPy nerve guides for peripheral nerve regeneration have been implanted (232).
Heterogeneous materials, scaffolds and oriented matrices
Patterned substrates for neurons have been primarily developed for two purposes; as neurite guidance systems for neural networks, or as selective substrate experiments. In tissue engineering applications, the guidance of neurons in organs is of interest and this is reflected in the resulting scaffolds that support 3D neurite outgrowth. The in vivo environment is one of three-dimensions, where neurons are in contact with other cells, and different ECMs surrounds the cell body and axons. Transforming well defined, patterned 2D substrates into 3D constructs, however, is technically challenging and not trivial. Oriented scaffolds can be formed with a range of methodologies, but developing 3D materials with discrete regions of bioactive molecules is still problematic and a challenge for neural tissue engineering.
Patterned surfaces
The guidance of neurites is the most important aspect of material/neuron interactions, and heterogeneous surfaces (Figure 5f ) are used to assess the contact-mediated aspects of growth as the growth cone will respond to both surface-bound and soluble molecules. Patterned surfaces for neurite guidance can be achieved with various techniques, and has over thirty years of history (233) . One of the first studies of patterned DRG adhesion and growth was performed by Letourneau (234) , who demonstrated that the growth cones of the growing neurites were able to preferentially decide between two materials. Patterning is common with adhesive/non adhesive surface combinations; such an experiment shows that while guidance of neurites results from laminin/BSA patterns, the length of the neurites was significantly shorter than a uniformly modified laminin (235) . The adhesion of dissociated cortical neurons on patterns of ECM on polystyrene was significantly improved with the mixing of PLL to the adhesive ECM (236) .
Patterned substrates that effectively guided neurites are not limited to adhesive/non-adhesive configurations. Avci et al. (237) demonstrated the efficacy of patterned DM-GRASP/laminin and laminin -both of which are adhesive substrates for neurite extension. DM-GRASP is a CAM which plays a role in the developmental visual system, regarding axonal growth and navigation in the embryonic retina. In this instance, the tracts of DM-GRASP in the chick retina that assist in the guidance of retinal ganglion cells during embryogenesis also result in neurite guidance on patterned substrates with both regions being neuron-adhesive.
Gradients of surface-bound IKVAV, deposited along pattern lengths also demonstrated preferential growth of axons (238) . The majority of growth cones turned and migrated up the gradient, and slowed down at patterned intersections. Once the choice of path was made by the growth cone, the velocity of outgrowth returned to the previous rates.
Fibres
Fibres are known to guide axons along their length, when their diameter is c.a. 250 microns or lower. An excellent overview regarding the effect of micron-sized fibres on neurite guidance is Smeal et al. (239) . Fibres are particularly interesting guidance substrates, as they are a simple and inexpensive approach to creating a threedimensional guiding system. The classical experiment of guiding neurites with fibres is to deposit a fibre onto a flat substrate, and determine the effect of neurite guidance. Fibres have shown maximum axon lengths with diameters between 35 and 20 microns, however smaller diameters have been more difficult to reproducibly achieve with mechanically drawn fibres. Alginate-and fibronectincoated poly-ß-hydroxybutyrate (PHB) fibres have also been inserted after a second injury to the spinal cord (240) (Figure 6c ).
Until the recent interest in electrospinning, the generation of perfectly symmetrical, oriented sub-micron fibres has been problematic. The generation of nano-grooved surfaces has been demonstrated through the manufacture of a template, and then using the moulding template to create channels onto the surface. Neurite alignment is significantly along the long axis of the grooves (241). Densely deposited, oriented PLLA electrospun fibres with diameters down to 300 nm, induce growth along the long axis of the fibre (242) . Electrospinning results in the manufacture of micro to nano scaled fibres, with excellent fibre symmetry, and promises to extend the classical "fibre and flat substrate" experiment to nano-scale diameters. Centimetre length nanofibres can be made with dual collection systems (243) .
Such oriented nanofibers of PCL and collagen/PCL blends have been adhered to a chemically reactive starPEG substrate that continues to react with water to form a nonadhesive substrate (244) . Such substrates induce stretched cellular morphologies to a range of cells, including neurons, Schwann cells, olfactory ensheathing cells, astrocytes and fibroblasts ( Figure 8 ). When dorsal root ganglions are cut in half and placed upon these oriented nanofiber substrates, there is a an oriented migration of Schwann cells initially, then neurites, out of the DRG explant. While fibres may provide similar guidance to that of substrate patterning, the opportunities for incorporation of fibres into 3D structures is greater than patterned surfaces.
Three dimensional structures
An increasing number of in vitro investigations have taken place in 3D cultures, where cells more closely mimic their in vivo behaviour (245) . Whereas on flat surfaces cell spreading is atypical for good surfaces, cells tend to aggregate when suspended within 3D gels (166) . Proliferation or cell migration results in an increase of aggregate diameters, which can be easily measured with tumourigenic cell lines such as PC12 cells. The materials used in three-dimensional cell culture typically have high water content, and attempt to mimic the ECM environment that cells experience in the natural state. Obtaining the relevant mechanical properties, molecular recognition through the use of peptides, proteolytic degradation, and growth-factor binding domains are examples of properties that a future matrix for three-dimensional studies may possess (246) .
Three-dimensional in vitro culture is inconvenient and more expensive than traditional twodimensional cell culture, but may recreate the native environment of the cell. In particular the separation of the neuron cell body and the axon is interesting, as the cell bodies of neurons are situated in the dorsal roots or in the spinal cord, the peripheral nerve environment primarily involves interactions between axons (not the cell body of the neuron) and glia and their surrounding ECM.
Channelled scaffolds
In a manner similar to the inherent guidance properties of fibres, the use of channels also results in the directed growth of neurites and is illustrated in Figure 6e . One simple technique involves the suspension of linear polymeric fibres into a liquid that is subsequently crosslinked, followed by the dissolution of the fibre with a suitable solvent (247). Another approach involves the lowpressure injection moulding of PLGA foams, resulting in a scaffold that supports neurite outgrowth when delivered with Schwann cells in vivo (248) . Such approaches can be applied to a variety of materials, essentially converting isotropic materials into scaffolds with guidance properties (154) . The surface modification of such channels significantly increases the neurite growth along the length both in vitro and in vivo.
Isothermal crystallization
The forces associated with crystal formation have been harnessed to generate oriented pores that are cm in length within polymer solutions and hydrogels. Controlled uniaxial freezing is an increasing popular technique for inexpensive oriented pore formation and can be applied to polyesters and hydrogels (249) (250) (251) . In vitro experiments demonstrate DRG neurite and cell penetration into poly (vinyl alcohol) coated scaffolds PLLA (252) , and PEG-PLA copolymers (253) . Similar invasion of axons into oriented scaffolds results in vivo, and experiments using such freeze-channelled structures have been used as a substrate for neural stem cell and genetically modified Schwann cell transplantation into the spinal cord (254-255).
CONCLUSION
Many developments in material science have greatly advanced the available tools for in vivo applications. However, given the complex interactions between neurons, glia and the immune system in vivo it is important to note that tissue engineering has predominantly encompassed only limited areas of neuroscience. For example, the induction of neurite outgrowth and nerve regeneration with neurotrophic factors and the use of ECM proteins/peptides has attracted the most attention, while materials for neuroprotection strategies has been so far limited. Similarly, the interactions between biomaterials and glia need to be further understood.
Tissue engineering strategies have the capability of delivering multi-therapeutic strategies for the nervous system, through improving transplanted cell survival, providing a substrate for growth and controlled delivery of beneficial molecules. As materials demonstrate their capacity to deliver therapeutic strategies to the nervous system, a wider range of approaches will be encompassed by this technology. 
